Since the 1970s, increase in fire frequency has been observed in all European Mediterranean regions. The objectives of this study were 1) to determine the effects of wildfire frequency on the recovery at short and long-term of soil chemical and microbial properties and 2) to identify the mechanisms underlying the recovery of these sites properties. Soils from seventeen plots (Maures mountains range, Var, France) were classified into five wildfire regimes (i.e. not burned since at least 57 years, infrequently and frequently burned both with time since fire for 4 and 17 years). Soil samples from these plots were analysed for their nutrient content, chemical functions of soil organic matter (SOM) using FT-MIR spectroscopy and microbial mineralising activities. Our results showed that the frequent wildfire regime slowed down the recovery at short term of SOM spectroscopic properties and nutrient availability. Both low quantity and low quality (i.e. high percentage of aromatic and phenolic organic forms) of soil organic matter were found related to soil microbial recovery four years after frequent wildfires. The frequent wildfires improved the recovery in net nitrification and nitrate content, leading to an increase in catabolic evenness and a recovery in microbial C-substrate utilisation profiles between 4 and 17 years. However, frequent wildfires slowed down the recovery of hydrolytic enzyme pool (i.e. FDA hydrolases) and phenol oxidase activity, both involved in soil C cycling. Overall, our observations suggest that 4 fires in 50 years is a threshold beyond which soil quality may be endangered.
Introduction
Wildfire is a historical disturbance which has played a large role in shaping ecology and evolution of Mediterranean vegetation and soils. Shifts in historical wildfire regimes have been observed in all European Mediterranean regions (Pausas et Guénon et al. (2011 ). Land Degradation & Development, DOI: 10.1002 /ldr.1109 Curt et al., 2009) . Since the 1970s, the abandonment of agricultural lands and the increase in human population and activities have resulted in a dramatic increase in number and size of fires, and thus locally in fire frequency. Recurrent wildfires, through erosion and repeated burnings, may progressively impoverish soil especially in terms of organic matter and nutrients (Reich et al., 2001; Knicker, 2007) to such a point that soil microbial properties may be durably altered. Despite abundant research on vegetation dynamics following fire, as well as on immediate post-fire changes in the chemical and microbiological properties of soils, little is known about the impact of recurrent wildfires on soil microbial recovery, and driving factors remain uncertain. Because, soil microbial communities are responsible for the conversion of organic matter into plant available nutrients (Wardle, 1998) , increase in fire frequency and shorter periods for recovery of microbial mineralising activities, may lead to reduction in site productivity and to loss of ecosystem resilience in the long term. A better understanding of mechanisms underlying recovery of soil properties after fire can have direct implications in choice of land management options (Scheffer and Carpenter, 2003) .
High soil temperature during fire has a temporary sterilising effect on soil (DeBano et al., 1998) resulting in immediate decrease in microbial biomass, basal respiration, enzyme activities, catabolic diversity and nitrogen mineralisation (Hernández et al., 1997; Ajwa et al., 1999; Boerner and Brinkman, 2003; D'Ascoli et al., 2005) . In the same time, intense fires cause significant loss of organic matter and marked alterations in functional organic groups (Knicker et al., 2005) , such as a removal of external oxygen groups, a reduction in the chain length of alkyl compounds, a conversion of amide-N into heterocyclic-N compounds, and a macromolecular condensation of humic substances (González-Pérez et al., 2004) . Mineral N (NO 3 --N and NH 4 + -N) content tends to immediately increase in the soil surface after burning (Wan et al., 2001) . -N pulses are however rapidly dissipated through plant assimilation and microbial activities (i.e. immobilisation for both NH 4 + -N and NO 3 --N and nitrification), leaching, surface runoff and erosion (Wondzell et al., 2003) . The ability of soil microbial communities and their activities to recover from disturbance depends primarily on nutrient availability (Moore et al., 1993) , pH (Wardle, 1998) and on soil organic matter remaining after disturbance or brought to soil by vegetation (Gros et al., 2004) . Hart et al. (2005) suggested that, where frequent fires have shaped the evolutionary history of a forest, the recovery of soil microbial properties is mediated primarily by fire-induced changes in plant community. In these conditions the quantity and quality of soil resources are expected to be primary driving factors by which the vegetation influences soil microbial recovery. However, these driving factors remains inaccurate and few studies focused on the relationships between the soil resource and the microbial recovery after frequent wildfires over long term.
The two main objectives of this study were (1) to determine short term and long term recoveries of soil chemical properties and microbial mineralising activities in both infrequently and frequently burned sites, and (2) to determine if/how changes in microbial activities are correlated with fire-induced changes in soil chemical properties. For these purposes, soils from 17 plots across the Mediterranean region in the southeastern of France, with similar environmental characteristics, but different wildfire regimes (frequently vs infrequently burned), were analysed for organic and inorganic nutrient content and chemical functional groups of SOM using FT-MIR spectroscopy. All the microbial activities measured in these soils (i.e. net N-mineralisation, diverse Csubstrate utilisation capabilities and enzymes activities) are involved in organic matter mineralisation and thus in dynamic of C, N and P. Soil properties were measured 4 and 17 years after the last fire and compared to an unburned soil since at least 57 years. We hypothesised that the frequent wildfire regime would cause a lasting increase in most recalcitrant organic matter forms resulting in changes of microbial catabolic capabilities and in a slowdown of mineralising activities. Moreover, decrease in such microbial mineralising activities was hypothesised to affect recovery of soil nutrient content.
Materials and methods

2.1.
Study area, wildfire history and soil sampling The study was conducted in the south-eastern area of the Maures mountain range (Var, France, 43°20' N and 6°37' E). The study area (90 km 2 ) is characterised by a Mediterranean climate with dry, hot summers and wet and temperate winters. The mean annual precipitation is 920 mm Burned areas were mapped using a series of aerial pictures spanning a 57-years period from 1950 to 2007 and public fire databases. This mapping allowed us to reconstitute the history of the wildfire regimes for both frequent and infrequent regimes over this 57-years period. Soil samples were collected at 17 different sampling sites (300-400 m 2 in size) (Table I ) in order to represent 5 different burning histories, or wildfire regimes. The dates of each wildfire for the five regimes were reported in Table  I . These wildfire regimes included 5 independent sites not burned at least since 1950 (NB-57yrs); 3 independent sites infrequently burned (1-2 wildfires) with the last wildfire in 1990 or 1982 (IB-17yrs); 3 independent sites frequently burned (4 wildfires) with the last wildfire in 1990 (FB-17yrs); 3 independent sites infrequently burned (2 wildfires) with the last wildfire in 2003 (IB-4yrs); and finally 3 independent sites frequently burned (4 wildfires) with the last wildfire in 2003 (FB-4yrs). Soils of these sites are mainly shallow alterites (10-30 cm) and were developed on a migmatitic gneiss (crystalline siliceous rock) as parent rock. Soil pH is around 6-6.5. Unburned sites present A (B) CR profile and they can be classified as Dystric Cambisol (WRB classification). Under a thick litter (1-3 cm), the A horizon, 5 cm thick, is characterized by a brown colour due to organic matter and a low content of coarse fragments (10-30%). For burned soils, classified as Dystric Leptosol, only A and CR horizons are present. The other differences with the unburned soils are that the A horizon is clearer and that the transition from CR horizon to parent rock is faster. Moreover, these sites present similar exposition (SE-SW), slope (10-40%), altitude (60-360 a.s.l.) and forest type (i.e. cork oak being common to all areas). Thus in this work, we may consider that fire frequency was the only influencing factor. Dominant plant species and soil type of each wildfire regime are reported in Table I. hal-00627973, version 1 -30 Sep 2011 For each of the three replicated sites, after removing the thin litter layer from the soil surface, five soil samples, each 20×20 cm in size, were randomly cored in February 2007 from the A horizon (0 to 5 cm depth) and pooled to form one composite sample. The composite soil samples were sieved (2 mm mesh size) and homogeneously mixed. An aliquot was airdried. Back to the laboratory, soil samples were pre-incubated at 25°C and 60% of water holding capacity (WHC) for one week to obtain detectable microbial activities. All microbial and chemical properties were measured on these pre-incubated soils.
2.2.
Soil chemical and FT-MIR spectroscopic properties Soil total organic carbon (TOC) and total nitrogen (TN) content were measured on airdried samples using a C/N elemental analyzer (Flash EA 1112 series ThermoScientific). Soil organic matter content was obtained by loss on ignition (16h, 550°C). Inorganic-N forms -N) were extracted and analysed as described below. Available phosphorus (PO 4 3--P) was extracted with 0.1 M citric acid and subsequently measured colorimetrically using the French norm NF X31-160 (AFNOR, 1996) .
Fourier Transform Mid Infrared (FT-MIR) spectroscopy was used to identify and quantify the presence of important organic functional groups in soil samples. Prior to FT-MIR analysis, soils were pre-treated with chlorhydric and fluorhydric acid according to the procedure of Gelinas et al. (2001) . This pre-treatment removes metal oxides and silicate minerals which absorb in mid-infrared spectroscopy wavelengths (Johnston and Aochi, 1996) , concentrates organic matter (Kogel-Knabner, 1997) and thus improves peaks resolution. Soils were freeze dried and then deposited on an attenuated total reflection (ATR) cell equipped with a diamond crystal. FT-MIR spectra were acquired using a Thermo Nicolet Avatar 370 spectrometer equipped with a DTGS detector, an Ever-Glo source and a Kbr/germanium beam-splitter. Five spectra per sample were recorded between 700 cm -1 and 4000 cm -1 , the nominal resolution was 4 cm -1 . For each spectrum, 64 scans were co-added. Air was taken as reference for the background spectrum before each sample. FT-MIR spectral data in the diamond interference region (2200-1900 cm -1 ) were excluded from analyses (Artz et al., 2008) . Functional groups of soil organic matter were defined according to Haberhaueur et al. (1998) , Artz et al. (2008) and Tinoco et al. (2006) and selected absorption peaks were integrated using the software Thermo Omnic 7.1 (Thermo Electron. Corp., Waltham, MA, USA). Ten absorption peaks were recorded at 2920, 2850, 1690, 1633, 1556, 1538, 1521, 1453, 1420, 1373 cm -1 . The peaks at 2920 and 2850 cm -1 correspond, respectively, to asymmetric and symmetric C-H vibrations of the CH 2 group of aliphatic structures (e.g. wax, fats, and lipids). The shoulder at 1690 cm -1 represents C=O vibrations of carboxylate. The broad peak at 1633 cm -1 can be assigned to both C=O vibrations of carboxylate and C=C vibrations of aromatic molecules. The peaks at 1556 and 1538 cm -1 can be attributed to both N-H (amide II) and C=C vibrations of aromatic molecules and 1521 cm -1 only to N-H vibrations. The peaks recorded at 1373 and 1453 cm -1 correspond to aliphatic and phenolic C-H deformations and the peak at 1420 cm -1 is due to symmetric C-O stretching of carboxylate/carboxylic structures. Absorption peaks with overlapped mineral and organic assignments were removed from the analysis (i.e. peaks at 3690, 3620, 1161, 1010, 825 and 740 cm -1 ) (Haberhauer et al., 1998; Rumpel et al., 2006 ). The broad O-H band located at 3600-3000 cm -1 was not integrated, as the intensity of the O-H band is influenced by water content and thus provides only limited information about soil organic matter composition (Kaiser and Ellerbrock, 2005) . In order to determine relative changes in functional groups of soil organic matter, the relative absorbance (rA) of each peak was calculated by dividing the height of a selected peak by the sum of the heights of all peaks (e.g. rA 2920 = A 2920 / Σ A (3310-1373 cm-1 )×100).
2.3.
Microbial biomass Microbial biomass (MB) was estimated using substrate-induced respiration (SIR) rates (Anderson and Domsch, 1978) . Ten grams (dry weight equivalent) of sub-samples were placed in 117 ml glass jars and amended with powdered glucose (1000 µg C g -1 soil). One ml of air was sampled in the head space with a syringe and injected into a gas chromatograph (Chrompack CHROM 3 -CP 9001) equipped with a thermal conductivity detector and a packed column (Porapack) to analyse CO 2 production. The CO 2 concentration of flushed air was subtracted from CO 2 concentrations of each samples and resulting values were adjusted to 22°C according to Ideal Gas Laws using a Q 10 = 2. SIR rates were converted into MB using equations given by Beare et al. (1990) .
2.4.
Net ammonification and nitrification Two sub-samples of 10 g (dry wt equiv.) of soil were weighed on two distinct 500 ml glass jars. One of the sub-sample (referred as t0) was immediately analysed (Mulvaney, 1996) . The second sub-sample was incubated for 30 days at 25°C (t30) and inorganic-N forms were analysed as described above. During incubation, jars were periodically weighed and initial moisture content restored using a fine-mist spray. We defined net ammonification and net nitrification as the difference in NH 4 + -N and NO 3 --N concentrations before and after the incubation (t30 -t0).
Soil microbial C-substrate utilisation profiles and enzyme activities
The diverse C-substrate utilisation capabilities of cultivable microbial communities were determined with BIOLOG® EcoPlates (BIOLOG Inc., Hayward, CA) using a procedure adapted from Garland and Mills (1991) . We purposely did not adjust the inoculum in order to obtain a uniform cell density as we considered the total microbial number as an inherent characteristic of microbial communities of each plot. Briefly, 5 g (dry weight equivalent) of sub-sample was added to 50 ml of sterile 0.1 % Na-pyrophosphate solution (pH 7). The mixture was then shaken on an orbital shaker for 20 min, and centrifuged at 500 g for 10 min at 4 °C to obtain a microbial suspension. Exactly 1 ml of supernatant was diluted into 99 ml of sterile saline solution (0.85% NaCl), hand-mixed for 30 sec. and left to stand for 10 min. A 125 µl aliquot of the diluted solution was added to each of 96 wells in a BIOLOG ® EcoPlate.
Plates were incubated at 25°C and colour formation in each well was monitored at monochromatic light (595 nm) absorbance using an Elisa 960 Metertech® spectrophotometer. Measurements were performed three times a day until average well colour development (AWCD) exceeded a value of 1.0 standardised absorbance units (i.e. 3-5 days incubation). The incubation time (T 0.5 ) corresponding to an AWCD = 0.5 absorbance unit was then determined for each triplicate set of a plate. Before statistical analyses, the absorbance value of each control well at T 0.5 was subtracted from absorbance values at T 0.5 of the 31 associated wells containing C-substrates. Fluorescein diacetate hydrolase (FDAse) activity was assayed according to the modified method of Green et al. (2006) . Four ml of 60 mM potassium phosphate buffer (pH 7.6) with 50 µl of FDA solution (2mg/ml of acetone) were added to 0.5 g of soil (fresh mass) and incubated at 30°C for one hour. The reaction was stopped by adding 2 ml of acetone, and the mixture was immediately centrifuged for 2 min at 12 000 g. The fluorescein released from FDA was measured in the supernatant at 490 nm.
β-glucosidase activity was assayed according to the modified method of Eivazi and Tabatabai (1988) . Six ml of sodium acetate buffer (0.1 M, pH 5) and 1 ml of 5 mM p-nitrophenyl-β-glucopyranoside (pNPG) were added to 0.5 g of soil (fresh mass) and incubated (1 h, 30 °C). The reaction was stopped and colour revealed by adding 1 ml of 0.5 M CaCl 2 and 4 ml of 0.5 M NaOH, overall mixed and immediately centrifuged for 2 min at 12 000 g. The amount of p-nitrophenol released from pNPG was measured in the supernatant at 412 nm.
Activities of acid and alkaline phosphomonoesterases (AcP and AlP) were assayed according to the method of Tabatabai and Bremmer (1969) . One ml of p-nitrophenyl phosphate (pNPP, 5 mM) was added to either 6 ml of sodium acetate buffer for AcP (0.1 M, pH 5.0) or glycine-NaOH buffer for AlP (0.1 M, pH 9.0), thus added to 0.5 g of soil sample (fresh mass) and incubated 1 h at 30 °C. The reaction was stopped and colour revealed by adding 1 ml of 0.5 M CaCl 2 and 4 ml of 0.5 M NaOH, overall mixed and immediately centrifuged for 2 min at 12 000 g. The amount of p-nitrophenol released from pNPP was measured in the supernatant at 412 nm.
Phenol oxidase activity was assessed according to the modified method of Saiya-Cork et al. (2002) . Six ml of 25 mM L-DOPA solution (L-3,4-dihydroxyphenylalanine) in acetate buffer (50 mM, pH 6.5) were added to 0.5 g of soil (fresh mass), mixed and incubated for 15 min. in darkness at 25°C. The mixture was centrifuged at 12000 g before measuring absorption at 590 nm.
For all enzyme assays, no toluene was added to the mixture because of the short incubation times. Enzyme assays were performed in 3 replicates for each soil sample. A unit (U) of enzyme activity was defined as a µmole of substrate hydrolysed or oxidised per min -1 , and per g of soil dry weight (U g -1 DW).
Statistical analyses
Effects of wildfire regimes on soil microbial biomass, net ammonification and nitrification, enzyme activities, TOC, TN and nutrients content, chemical functions of SOM (i.e. FT-MIR peaks) were assessed using analysis of variance (ANOVA). The least significant difference (LSD) test was used to determine which regimes were significantly different from one another. When necessary, data were transformed to meet the assumptions of normality and homogeneity of variances. These analyses were performed using Statistica 6.0.
Principal component analyses (PCA) were performed on the covariance matrix obtained from Biolog® data using Primer software v6 (Primer-E Ltd, UK). The PCA provided an ordination of the microbial C-substrate utilisation profiles, which were plotted in one and two dimensions respectively, based on scores for the first two principal components (PC). A correlation circle was computed for Biolog® data to understand the contribution of each C-substrate to the principal component axes. Effects of wildfire history on microbial Csubstrate utilisation profiles and differences between wildfire regimes were tested by main and pair-wise tests in PERMANOVA using Primer software v6 (Primer-E Ltd, UK). PERMANOVA is a routine for testing the response of many variables to one or more factors in an analysis of variance (ANOVA) experimental design in the basis of any resemblance measure, using permutation methods (Anderson et al., 2008) . PERMANOVA eliminates the requirement of normal distribution that must be satisfied for the analysis of variance but which is not the case for many kinds of multivariate ecological data (Legendre and Anderson, 1999 ).
Pearson's correlations were used to test relationships between measured soil chemical properties (pH, TOC, TN and nutrients contents), chemical functions of SOM (i.e. FT-MIR peaks) and enzyme activities. Co-inertia analyses (CIA) were computed to highlight the possible relationships between microbial C-substrate utilisation profiles and soil chemical properties or chemical functions of SOM. CIA is a multivariate analysis technique that enables a description of the relationships between two data tables (Dray et al., 2003) . CIA can be used even if the number of rows (i.e. sampling sites) is lower than the number of columns (i.e. measured variables), which is the case in this paper. C-substrate utilisation profiles, chemical properties and chemical functions of SOM were firstly analysed by PCA. Separates PCAs find axes maximising inertia in each data tables. Then CIA ordinates the wildfire regimes for both co-structures on a single factorial map defined by the two first co-inertia axes. Another factorial map was drawn to show the contribution of soil chemical properties or chemical functions of SOM (i.e. FT-MIR peaks) to the co-inertia axes and thus to interpret the wildfire regime ordinations. To assess the significance of the CIA results, a Monte-Carlo permutation test was computed on the RV coefficient. This procedure tests the link between two tables by permuting simultaneously the rows of both tables. Computations were made with the free software R version 2.6.2 (R Development Core Team, 2007).
Results
3.1.
Wildfire regime effects on recovery of soil chemical properties Total organic carbon (TOC) and total nitrogen (TN) content, as well as P0 4 3--P content were not significantly related to wildfire regimes (Table II) . The C/N ratio was relatively constant and higher than 17 for all wildfire regimes. Wildfire regimes had variable effects on soil organic matter content (SOM) and NO 3 --N content. SOM content was found significantly lower (ANOVA, P<0.05) in soils four years after frequent wildfires (FB-4yrs) than in soils unburned since at least 57 years (NB-57yrs) (Table II) . SOM content completely recovered seventeen years after frequent wildfires (FB-17yrs). Nitrate content in frequently and infrequently burned soils were significantly lower than those of soil which had not burned for 57 years (Table II) . Seventeen years after infrequent wildfires (IB-17yrs), nitrate content was significantly lower than in NB-57yrs and FB-17yrs.
Relative intensities of FT-MIR peaks are shown in Table III . The two main peaks at 2920 (asymmetric C-H bonds) and 1633 cm -1 (C=C and C-O bonds) showed a high cumulative relative intensity of at least 56 % (FB-2003) rising to 69 % (IB-1990) (Table III) . Five peaks at 2920 (asymmetric C-H bonds), 2850 (symmetric C-H), 1556 (N-H), 1538 (N-H and C=C) and 1453 (C-H) cm -1 were significantly affected by the studied wildfire regimes (ANOVA test, Table III ). The relative absorbance of C-H bonds (i.e. 2920 and 2850 cm -1 ) of aliphatic structures (e.g. wax, fats, and lipids) increased from the recent wildfire regimes (IB4yrs and FB-4yrs) to the older regimes (NB-57yrs, IB-17yrs and FB-17yrs). A significant difference between frequent and infrequent wildfire regimes was measured only for the peak at 2920 cm -1 (asymmetric C-H bonds) in samples where the last fire occurred in 2003. Significant decreases in the relative intensity of the peaks at 1556 cm -1 and 1538 cm -1 (N-H and C=C) were observed from FB-4yrs to FB-17yrs whereas no significant difference in the relative intensity of these peaks was found between NB-57yrs, IB-17yrs and IB-4yrs. Concerning the peak at 1453 cm -1 (C-H), we measured significant decrease between FB-4yrs and FB-17yrs. Significant differences were also found between IB-4yrs and FB-4yrs, and between IB-17yrs and FB-17yrs. hal-00627973, version 1 -30 Sep 2011 
Wildfire regime effects on recovery of soil microbial activities
The net ammonification was not significantly related to wildfire regimes ( Figure 1a ). The net nitrification presented two different trends in recovery (Figure 1b) . The net nitrification increased significantly from FB-4yrs to FB-17yrs. It remained significantly lower in FB-17yrs than in NB-57yrs (ANOVA, P<0.05). Net NO 3 --N immobilisation was observed in IB-17yrs and significant net nitrification rates were measured between IB-17yrs and NB57yrs. The C-substrate utilisation profiles were analysed by PCA. The first two principal components (PCs) (Figure 2a ) accounted for 58% of the total variance in the data, with PC1 accounting for 41.5% and PC2 for 16.5%. PERMANOVA was used to test the differences between the wildfire regimes using the variance explained by the 31 axes of the PCA. IB17yrs, IB-4yrs and FB-4yrs were significantly discriminated from NB-57yrs (PERMANOVA pair-wise test; P<0.01). The correlation circle (Figure 2b) showed that 11 C-substrates (i.e. arrows) were highly and positively correlated (r>0.5 on PC1) to the ordination of IB-4yrs, FB4yrs and IB-17yrs. These 11 C-substrates are carboxylic acids, carbohydrates, amines, amino acids and polymers. Among these 11 C-substrates, five were N-containing substrates (i.e. LArginine, D-Glucosaminic acid, L-Asparagine, Putrescine and L-Serine) and 3 were complex substrates such as phenolic substrate highly used (i.e. 4-hydroxybenzoic acid) and 2 were polymers. In opposition, only 4 C-substrates were highly and positively correlated (r>0.5 on PC1) with the ordination of NB-57yrs and FB-17yrs which the three mostly used were substrates containing glucose-molecules (i.e. β-methyl-D-glucoside, glucose-1-phosphate, Dcellobiose). Each enzyme activity had different trends in recovery after both wildfire regimes (Figure 3 ). FDAse activity was significantly higher (P<0.05) for FB-4yrs, IB-4yrs and FB17yrs than NB-57yrs (Figure 3a) . β-glucosidase activity was significantly higher for soils burned 4 years ago than those burned 17 or 57 years ago regardless the fire regime ( Figure  3b ). Acid and alkaline phosphomonoesterase activities were both significantly lower for soils burned 4 years ago regardless the fire regime (Figure 3c ). Phenol oxidase activity was significantly lower in frequently burned soils compared to NB-57 (Figure 3d ).
There was no significant difference among infrequently and frequently burned soils for recovery of microbial biomass (Figure 4) . A lower significant microbial biomass was measured for the soils burned in 2003 (IB-4yrs and FB-4yrs) compared to other regimes. No significant difference was measured between NB-57yrs and IB-17yrs or FB-17yrs. 
Relationships between soil microbial activities and chemical properties
Relationships between C-substrate utilisation profiles (CLLPs) and soil chemical properties were tested by CIA. The Monte-Carlo permutation tests revealed an insignificant co-structure between C-substrate utilisation profiles and nutrient contents (RV=0.42, P=0.08), but significant co-structures between C-substrate utilisation profiles and relative intensities of FT-MIR peaks (RV=0.44, P<0.05). The first axis of the factorial map obtained from CIA between CLLPs and relative intensities of FT-MIR peaks (Figure 5a ) explained 62.5% of the total co-inertia and the second axis accounted for 20.5%. In the factorial map of this CIA, the C-substrate utilisation profiles of each wildfire regimes (black circles) were ordered on the first axis as follows: FB-4yrs, IB-4yrs, IB-17yrs, FB-17yrs, and NB-57yrs. The long arrows for infrequently burned soils (IB-4yrs and IB-17yrs) showed a weaker co-structure between CLPPs and FT-MIR peaks for these regimes. Moreover, the direction of these arrows (i.e. from the negative to the positive part of the map) indicated a recovery of the relative intensities of FT-MIR peaks for infrequently burned soils. The Figure 6b showed that the chemical functions N-H, C=C and C=O (i.e. 1538, 1556 and 1690 cm -1 ) had the higher contribution to the negative part of the first axis. These chemical functions were thus correlated to the C-substrate utilisation profiles of FB-4yrs, IB-4yrs and IB-17yrs. In opposition, the C-H functions of aliphatic structures (i.e. 2920 and 2850 cm -1 ) contributed the strongest in the positive part of the first axis. These chemical functions were positively correlated with the C-substrate utilisation profiles of FB-17yrs and NB-57yrs. Relationships between soil chemical properties and microbial properties (i.e. FDAse, β-glucosidase, acid and alkaline phosphomonoesterases, and phenol oxidase, microbial biomass, net ammonification and net nitrification) were tested by Pearson's correlations. Results are shown in Table IV . The SOM content was positively correlated (P<0.05) to phosphomonoesterase activities, microbial biomass and net nitrification, and was negatively correlated (P<0.05) to the β-glucosidase activity. The relative intensity of CH 2 groups of aliphatic structures was positively related (P<0.05) to phosphomonoesterase and phenol oxidase activities, microbial biomass and net nitrification, and negatively correlated (P<0.05) to both FDAse and β-glucosidase activities. In opposition, the high relative level of aromatic functions was negatively correlated (P<0.05) to all microbial properties excluding FDAse and β-glucosidase activities.
Discussion
Recovery of soil chemical properties
Four years after fires, the lasting low SOM content is in accordance with the results of Fernández et al. (1997) , whereas other works have detected an increase in C content with low fire intensities (Santín et al., 2008; Knicker et al., 2005) due to input of partly charred material or litter from decaying trees. Seventeen years after fires, SOM content fully recovered whatever the wildfire regime.
FT-MIR was used for qualitative determination of particular functional groups in SOM. FT-MIR analysis showed that frequent wildfires slowed down the recovery of SOM spectroscopic properties at short term. The most significant changes in FT-MIR spectra were observed for the peaks at 1556 and 1538 cm -1 , assigned to amide-N and aromatic chemical functions. Knicker et al. (2005) reported that fire resulted in an immediate enrichment of heterocyclic-N from amide-N. In our study, amide-N was not affected by fire (i.e. peak at 1521 cm -1 ) and thus the higher relative intensity of peaks at 1453, 1556 and 1538 cm -1 in frequently and recently burned soils reveal an increased in proportion of aromatic and phenolic structures in SOM composition. Indeed, fire generally induce aromatisation of simple (sugars and lipids) (Tinoco et al., 2006) and complex compounds (humic substances) (Knicker et al., 2005) and production of black carbon from charred vegetation, litter or SOM (González-Pérez et al., 2004) . In this study, frequent fires slowed down the recovery in SOM content indicated by lower SOM content for soils 4 years after the fire compared to soils 57 years after the last fire. Therefore, it is unlikely that the highest aromaticity after frequent fires resulted only from the aromatisation during the humification process of simple or complex compounds. Our results are in accordance with Santín et al. (2008) and suggest that the high relative intensity of aromatic structures resulted mainly from the incomplete combustion of the vegetation. Inputs of black carbon from charred plant material may have compensated a decrease in carbon contained in SOM resulting in the fast recovery of total soil organic carbon content (Table II) . Moreover, in Mediterranean ecosystems, frequent wildfires lead to the establishment of shrub communities, which are often close to monospecific stands of Cistus sp. (Curt et al., 2009 ). In the Maures mountain ranges, Schaffhauser (2009) reported higher Cistus sp. coverage (86%) four years after frequent fires than after infrequent fires (45%). The litter of these species is characterised by high concentration of aromatic secondary metabolites (i.e. phenol, condensed tannins) and high lignin content (Castells et al., 2004) . Large inputs of these aromatic compounds in soil through litter or root exudates could have contributed to the high degree of SOM aromaticity four years after frequent fires. Besides an increase in absorbance for the aromatic structures, the most profound decrease for all detected absorbance peaks was observed for asymmetric and symmetric stretching vibrations of methyl and methylene groups. A reduction of the relative abundance of long-chain alkanes and fatty acids is commonly observed and might be explained by possible thermal fragmentation of long-chain molecules (Almendros et al., 1988) . At long term, FT-MIR analysis showed a relative increase of aliphatic structures, as expected with an increasing humification. The recovery of the relative intensity of aromatic structures during post-fire decomposition may result from their chemical and biochemical oxidation (Knicker et al., 2006) and from a loss of the black carbon through erosion process (Rumpel et al., 2006a; Rumpel et al., 2006b; Rumpel et al., 2009) .
The effects of fire on soil nutrients depend on fire intensity (Marion et al., 1991; Neary et al., 1999; Reich et al., 2001) , and on inorganic-N forms and location of nutrient pools (Carreira et al., 1996; Wan et al., 2001) . Fire generally immediately increases ammonium (NH 4 + -N) content on soil surface due to combustion of organic matter and release of mineral N (Wan et al., 2001) . Nitrate (NO 3 --N) can be formed some months after the fire as a result of nitrification (Covington and Sachett, 1992) . These pulses can persist some years or can be rapidly dissipated through plant assimilation, microbial activities (i.e. immobilisation for both NH 4 + -N and NO 3 --N and nitrification), strong surface runoff and erosion (Wondzell et al., 2003) . Without difference in NH 4 + -N content, the low nitrate content four years after fire could be attributed to an important uptake by post-fire vegetation (Carreira and Niell, 1992) and a low net nitrification activity. The low microbial biomass, low total carbon content and strong changes in organic matter quality can explain the low net nitrification (Table IV) which was found to be carried out by heterotrophic microorganisms in Mediterranean ecosystems (Schimel et al., 1984) . Phenolic compounds contained in Mediterranean post-fire vegetation such as Cistus sp. (Castells et al., 2004) are also known to increase N-immobilisation (Schimel et al., 1996) and to decrease NO 3 --N through allelopathic effects on nitrification . hal-00627973, version 1 -30 Sep 2011 OM: organic matter, TOC: total organic carbon, TN: total nitrogen. *, **, *** indicate significance of linear regressions at P < 0.05, P < 0.01 and P < 0.001 level respectively, n.s.: not significant. In all correlations, n=17.
Recovery of soil microbial properties
Frequent fires stimulated the net nitrification 17 years after the last fire (FB17yrs). Microbial biomass, organic matter content and quality completely recovered 17 years regardless the fire frequency (FB-17yrs and IB-17yrs, respectively) and thus, cannot explain difference in net nitrification between frequent and infrequent regimes. We suggest that frequently burned soils could contain more charcoal than infrequently burned soils. Charcoal adsorption of organic compounds is one possible mechanism which influences nitrification . Charcoal may have resulted in adsorption of phenolic compounds reducing the presence of factors inhibitory to nitrification (White, 1994) or may reduce the presence of C compounds that might otherwise stimulate immobilisation (Schimel et al., 1996) . Moreover, establishment of dense plant covers 17 years after infrequent fire could lead to high plant uptake that would maintain nitrate content below to the unburned level.
Biolog® system was successful in differentiating soil samples based on Csubstrate utilisation profiles. In all soils which had not burned for at least 4 years, microbial communities used more intensively a great number of substrates reflecting a lower catabolic evenness. These substrates consisted in some N-containing and complex substrates such as aromatics and polymers. A change in C-substrate utilisation profiles was also found by D' Ascoli et al. (2005) after fire in Mediterranean region and was expected to result from changes in SOM quality. The strong co-structure between Csubstrate utilisation profiles and FT-MIR data ( Figure 5 ) indicated that chemical functions of SOM, especially for recalcitrant forms such as aromatic, control the recovery of C-substrate utilisation profiles. The low nitrate content in soils which had not burned for four years, concomitant with the high SOM aromaticity suggest an increase in microbial demand of nitrogen and preferential utilisation of N-containing compounds. Indeed, Orwin et al. (2005) reported that the addition of complex compounds to a grassland soil increased the use of N-containing amino acids. They concluded that more enzymes were required for the decomposition of more complex C compounds, which resulted in greater microbial N demand. The weaker co-structure between C-substrate utilisation profiles and FT-MIR data in infrequently burned soils (IB-17yrs), suggest that chemical functions of SOM is less implicated in the recovery in C-substrate utilisation profiles at the long term. Surprisingly, 17 years after fire, Csubstrate utilisation profiles completely recovered only for frequently burned soils (FB17yrs). The complete recovery in net nitrification and thus in nitrate content could result in the decrease of N-containing compound utilisation. This is consistent with Cookson et al. (2008) who found that the relative utilisation of amino acids tended to decrease when NO 3 --N content increases. Metabolic profiles obtained using the Biolog plates reflect only the potential of the culturable portion of the soil microbial community which responds to a various Csubstrate, whereas enzyme activities reflect the potential microbial metabolism in situ and are intrinsic parts of the dynamic of nutrient cycling. Our results showed, four years after fire, an increase in activities of both the FDAse and the substrate-specific β-glucosidase. FDAse activity is widely accepted as a measure of total soil microbial activity (Adam and Duncan, 2001) . Indeed, FDA is a non-specific substrate used to assay hydrolytic activity of a broad range of hydrolases (e.g. esterases, proteases, lipases, cutinases). Previous studies have reported that fire generally decreases at short term many hydrolase activities such as deaminase, invertase, β-glucosidase and alkaline phosphomonoesterase (Ajwa et al., 1999; Boerner et al., 2000; Boerner and Brinkman, 2003) . Nutrient depletion, SOM alteration and microbial biomass loss after fire have been proposed to explain the decrease in hydrolase activities (Hernández et al., 1997) . However, we showed that a decrease in microbial biomass is not necessarily accompanied by a comparable decrease in FDAse activity. β-Glucosidase which belongs to the pool of hydrolases is an enzyme involved in the enzymatic degradation of cellulose. It catalyses the cleavage of cellobiose and, therefore, regulates the supply of a high energy source for heterotrophic micro-organisms. The increase in β-Glucosidase is consistent with the findings of Fioretto et al. (2009) in early stages of post-fire chronosequence. Our study highlights that frequent burnings did not amplify this effect nor alter their recovery in the long term. However, the low microbial biomass alone could not be responsible for the high β-glucosidase activities after fire. According to Eivazi and Tabatabai (1988) , β-glucosidases are produced not only by soil microorganisms but also by plants. High plant density measured in the first few years after fire in our sites (Curt et al., 2009 ) may be responsible for the high β-glucosidase activity. According to this trend, Garcia et al. (2002) showed a reduction in β-glucosidase activity attributed to a decline in plant cover density.
Acid and alkaline phosphomonoesterases are repressible hydrolases which reflect the specific phosphorus-demand of microbial biomass and plants (Chen et al., 2003) . They are involved in the mineralisation of soil organic phosphorus. Seventeen years after infrequent and frequent fires, the complete recovery of soil organic matter content coupled with a probable strong microbial biomass demand may explain the recovery of these enzyme activities (Boerner and Brinkman, 2003) . However, available phosphorus was not affected by wildfire regimes. This result could indicate either an immediate sequestration of phosphorus to Al-Fe oxides in acid soils (Certini, 2005) or high plant uptake (Saura-Mas and Lloret, 2009).
Phenol oxidase activity was lower four years and seventeen years in frequently burned soils. Artz et al. (2009) have shown a similar decrease of this activity after fire. This is in opposition with the hypothesis that fire, by decreasing total available N and easily decomposable C-sources (i.e. aliphatic structures), would increase the activity of phenol oxidase implicated in decomposition of SOM recalcitrant fractions (Boerner and Brinkman, 2003) . Allison and Vitousek (2005) suggested that resource limitation can affect microbial enzyme production. Moreover, Sinsabaugh et al. (1993) found that phenol oxidase activities are primarily regulated by substrate availability. However, the persistent low phenol oxidase activity after frequent fires cannot be explained only by the resource depletion after fire. In our study, this enzyme activity completely recovered 4 years after infrequent fire regime whereas a decrease in resource availability (i.e. SOM and nitrate contents, relative absorbance of C-H bonds of aliphatic structures) was observed. Fungi are known to be more sensitive to fire than bacteria (Pietikäinen and Fritze, 1995) and less resilient (Hamman et al., 2007) . Moreover, they are the main producers of phenol oxidase enzymes (Baldrian, 2006) . Frequent fires may have changed the composition (Artz et al., 2009) and biomass (Campbell et al., 2008) of fungi community resulting in a decrease of phenol oxidase activity. Measurement of enzyme activities, especially for phenol oxidase show great spatio-temporal variation (Sinsabaugh, 2009 ) and our results should be completed by the study of the seasonal and spatial variations of microbial recovery.
Conclusion
In the current context of increase in the number and size of wildfires in all Mediterranean regions, forest management requires an effective assessment of the recovery of soil biological and chemical quality after frequent fires. We have attempted to assess short-term and long-term recoveries of soil chemical and microbial properties in both infrequently and frequently burned sites by sampling soils along a chronosequence of time-since-fire. Our results demonstrate that frequent wildfires slowed down recovery at short term of SOM quality and nutrient availability, probably mediated by dense coverage of shrubland species. Both low quantity and low quality (i.e. high percentage of aromatic and phenolic organic forms) of soil organic matter were found to be primary limiting factors of the soil microbial recovery four years after fire. Our study has showed that frequent wildfires can allow recovery of net nitrification and nitrate content, resulting in a recovery of C-substrate utilisation capabilities of microbial communities at long term. However, frequent wildfires slowed down the recovery of hydrolytic enzyme pool (i.e. FDA hydrolases) and phenol oxidase activity, both involved in soil C dynamic. Results from this study suggest therefore that 4 fires in 50 years is a fire frequency threshold beyond which soil quality and its services may be endangered. The soil microbial mineralizing activities both control and are controlled by soil chemical properties that are subject to change with fire frequency and post-fire vegetation (Hart et al, 2005) . Integrating soil microbial data with vegetation patterns in further studies will therefore help us estimate vulnerability to frequent wildfires of fireprone ecosystems. Moreover, an enrichment of soil with labile organic matter could be a valuable rehabilitation technique to improve soil resource availability, restore microbial properties at short term and avoid the effects of frequent wildfires at long term.
